MUFA in the Mediterranean diet provide many micronutrients and bioactives that also may confer cardioprotective benefits. The PREDIMED (Prevenci on con Dieta Mediterr anea) trial reported that a Mediterranean diet supplemented with MUFArich foods that included either extra-virgin olive oil or mixed nuts (walnuts, almonds, hazelnuts) reduced the incidence of major CVD events by %30% after approximately 5 years in men and women (50 to 80 years of age) at high risk for CVD. 3 Avocados are another nutrient-dense source of MUFA, rich in vitamins, minerals, fiber, phytosterols and polyphenols that have not been studied extensively. The Hass variety, which is mainly consumed in the United States, is relatively high in MUFA and other fat-soluble vitamins. One Hass avocado (136 g, without skin and the seed) contains %13 g of oleic acid, which is similar to the amount of oleic acid in 1.5 oz (42 g) almonds or 2 tablespoons (23 g) of olive oil. 4 Based on their fatty acid and nutrient profile, avocados would be expected to beneficially affect CVD risk. Evidence about the beneficial effects of avocados on the lipid/lipoprotein profile is based on relatively few diet studies. † 
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%59 %49 %49 as a small sample size. 5, 7, 9, 10, 12 Furthermore, in these studies, avocados were a source of MUFA that was substituted for other macronutrients to evaluate only the effect of fat content on lipids and lipoproteins. The present study evaluated the effects of avocados on traditional and novel lipid risk factors by replacing SFA with carbohydrate (CHO) or MUFA from avocados or high oleic acid oils. This diet design also enabled us to evaluate the effects of a lower fat and 2 moderate fat diets, the latter of which differed in nutrients and bioactive components provided by avocados. Therefore, we were able to further evaluate the nutrients and bioactive compounds in avocados beyond MUFA on established and emerging cardio-metabolic risk factors.
Methods

Study Protocol
A randomized, 3-period crossover study design was implemented. A 2-week "run-in" average American diet (AAD: 34% fat, 51% CHO, 16% protein [PRO]) was fed to participants before they were randomly assigned to a treatment sequence of 3 diet periods (5 weeks each) with a 2 week compliance break between diet periods. Participants were assigned to random treatment sequences that were generated by balanced permutations. The study design is presented in Figure 1 . The nutrient profile and major food groups for the LF, MF, and AV diets are shown in Table 1 . The LF diet was designed by replacing 6 to 7% of energy from SFA with CHO (from grains that were incorporated in the diet in place of SFA) in the AAD. Likewise, the AV and MF diets were designed by replacing 6 to 7% of energy from SFA with MUFA using either one Hass avocado (%136 g fruit pulp, %13 g MUFA) per day (for the AV diet) or high oleic acid oils (eg, sunflower oil and canola oil, for the MF diet) as the main sources of MUFA. To match the macronutrients and fatty acids in the MF and AV diets, and to adjust for the different calorie levels, high oleic acid oils, low-fat cheese, and nuts were used in both diets. About 90% of foods in the 2 diets were identical. Thus, the major difference between the nutrient profiles of the AV and MF diets were due to the bioactives from one avocado beyond its fatty acid profile. Menus (6-day rotating) were developed using Food Processor SQL software (ESHA Research, Salem, OR) for 7 calorie levels (1800 to 3600 kcals) to meet participants' energy requirements. The Harris-Benedict equation with a physical activity factor was used to estimate each participant's basal metabolic rate (BMR) and daily energy requirements. During the 2-week run-in, calorie levels were adjusted to maintain body weight. A sample menu of the 4 diets is shown in Table 2 . The 3 experimental diets met current food-based dietary recommendations 13 except for dairy products in lower calorie levels (1600 to 2100 kcals), which provided around 2 servings per day. Participants were weighed daily (Monday through Friday) to assess diet compliance and ensure that body weight was maintained. Participants were asked to maintain their habitual level of physical activity throughout the study. At the end of each diet period, fasting blood samples were collected on 2 consecutive days. Serum and EDTA plasma were collected and stored at À80°C until the end of the study. The Institutional Review Board at the Pennsylvania State University approved the experimental protocol, and all participants signed a written informed consent. 
Participants
Healthy, overweight men and women (21 to 70 years old, BMI 25 to 35 kg/m 2 ) with LDL-C in the 25th to 90th percentile (NHANES; 105 to 194 mg/dL for males; 98 to 190 mg/dL for females) and normal blood pressure (≤140/90 mm Hg) or well controlled with blood pressure-lowering medication were recruited. All participants were nonsmokers, free of CVD, diabetes, liver, or renal disease, and not taking lipid-lowering medications or supplements. After clinical screening, 54 participants were eligible and enrolled in the study. Nine participants were excluded during the 2-week run-in diet due to a schedule conflict, personal health issue, or inability to comply. Five participants dropped out during the study but completed as least one diet treatment ( Figure 2 ). Study participants were predominantly Caucasian and non-Hispanic (n=41) with 3 Asians and 1 African American. Baseline characteristics of study participants (n=45, 27 males and 18 females) are shown in Table 3 . Participants' atherosclerotic cardiovascular disease (ASCVD) risk and metabolic syndrome (MetS) criteria at baseline are shown in Table 4 .
Laboratory Measurements
Endpoint visits took place in the Clinical Research Center (CRC) at Pennsylvania State University. Serum lipid, lipoprotein subclasses cholesterol, and apolipoproteins were assayed using Vertical Auto Profile (VAP II) (Atherotech Diagnostics Lab, Birmingham, AL), which directly measures cholesterol in all lipoprotein classes. 14 Plasma lipoprotein particle number and size were assessed by a proton magnetic resonance spectroscopy assay (NMR LipoProfile III; LipoScience, Raleigh, NC), which measures the particle concentrations of lipoprotein subclasses and average particle size of lipoproteins. 15 Serum high sensitivity C-reactive protein (hsCRP) was determined by a nephelometric method utilizing latex particles coated with monoclonal antibodies; the analytical sensitivity was 0.2 mg/dL (Quest Diagnostics; assay CV <8%). Plasma fasting insulin was measured by immunoassay; fasting glucose was measured by spectrophotometry (Quest Diagnostics; assay CV was <8% for both). Blood pressure was measured 3 times by a standard mercury stadiometer (W. A. Baum Co, Copiague, NY) after sitting for 5 minutes (before the blood draw) and the average of the second and third measurements was used for the final value.
Statistical Analyses
Statistical analyses were performed with SAS (version 9.2; SAS Institute Inc) and Minitab software (version 16; Minitab Inc). The mixed models procedure (PROC MIXED) was used comparing the effects of 3 diets on the change value (from baseline) of all outcome variables. Potential carryover effects were assessed by including diet sequence, period and diet- period interaction as a fixed effect in the model; age, BMI, sex, diet-sex interaction were included as covariates. The ShapiroWilk test was used to assess normality of residuals in the mixed model. Tukey post-hoc test was used to adjust for multiple comparisons of 3 diets. Correlations between lipoprotein endpoints were determined using Pearson correlation coefficient analysis. Fisher's Z-transformation was used to compare the correlations between lipid biomarkers in different diets. Non-parametric ANOVA model were used to measure endpoints without normal distribution. Age, sex, BMI, diet sequence also were adjusted in non-parametric models. ASCVD 10-year and lifetime risk was calculated using the online ASCVD Risk Estimator tool (http://tools.cardiosource.org/ASCVD-Risk-Estimator/) for every participant at baseline and at the end of each diet period. The change in risk score for each diet was estimated as the median with 95% CI by the Wilcoxon Signed Rank Test. The ASCVD risk estimate is based on each participant's age, gender, race, smoking status, diabetes status, hypertension treatment, blood pressure, total cholesterol, and HDL-C. Due to the large variation in previous avocado studies, we determined sample size based on a pistachio study that used a similar diet design (similar difference in macronutrients between the low-fat diet and the moderate-fat, pistachio diet). 16 Using the SAS procedure PROCPOWER with PAIREDMEANS statement, a final sample size of 37 was needed to provide 95% power to detect a 10% decrease in LDL-C by the avocado diet versus the lower-fat diet with a 2-tailed a=0.05. Considering a 10% to 20% dropout rate, we needed to recruit approximately 45 participants.
Results
Diet compliance was very good. Based on self-reported monitoring, adherence for all participants was 90% as assessed by the number of days participants consumed all study foods and no non-study foods. All participants maintained body weight during each diet period (AE 2 kg). All 3 diets significantly decreased LDL-C and total cholesterol (TC) versus baseline (Table 5, Figure 3) . Compared with the run-in AAD diet, the LF and MF diets reduced LDL-C (LF: À5.3%, P=0.004; MF: À5.8%; P=0.0004) and TC (LF: À4%; MF: À4.7%; P<0.01 for both) similarly. However, the reduction in LDL-C and TC by the AV diet (À10% and À8%; P<0.0001 for both) was significantly greater (P<0.05) than the LF and MF diets. HDL-C decreased less (P<0.05) on the MF diet and AV diet versus the LF diet. Also, the LF diet significantly increased TG and VLDL-C by 17.6% and 10.9%, respectively (P<0.001 for both), while the MF and AV diets did not. The MF and AV diets decreased non-HDL-C (À5.1% and À9.3%, P<0.01 for both), but the LF diet did not. Furthermore, the AV diet elicited a greater (P=0.01) reduction in non-HDL-C (À9.3%, P<0.0001) versus the MF diet (À5.1%, P=0.01). TC/HDL-C and LDL-C/ HDL-C significantly decreased after the AV diet (À4.9% and À6.6%) and were significantly lower (P=0.04 and P<0.0001) than after the MF and LF diets. The LF diet also increased TG/ HDL-C by 27.3% (P<0.0001) from baseline, whereas the MF and AV diets had no effect on TG/HDL-C and were significantly lower (P<0.01) than the LF diet. The AV and MF diets decreased apoB-100 from baseline, whereas the LF diet did not. ApoA1 decreased similarly on the 3 diets. The ratio of apoB/apoA1 was decreased by the AV diet but was not affected by the MF and LF diets (Table 5, Figure 3) .
Although LDL-C was reduced on all three diets, the number of LDL particles (LDL-P) did not decrease significantly after the LF and MF diets ( Figure 4 , Table 6 ). There was a trend for a reduction in LDL-P by the MF diet (À38 nmol/L, P=0.07), however, this was significantly less (P=0.05) than the reduction by the AV diet (À80.1 nmol/L, P=0.001). The difference was due to the increase in small LDL-P by the LF and MF diets (Table 6 ). Similar reductions from baseline (P<0.001 for all) in large LDL-P were observed on the LF, MF, and AV diets. Mean LDL particle size decreased on all 3 diets: LF (À0.24 nm, P<0.0001), MF (À0.21 nm, P<0.0001), and AV (À0.12 nm, P=0.008). LDL particle size was significantly larger (P=0.03) after the AV diet compared with the LF diet ( Table 6 ). The change in LDL particle size was highly correlated with the change in large LDL-P (r=0.68, P<0.0001), and the change in total LDL-P was highly correlated with the change in small LDL-P (r=0.62, P<0.0001) ( Figure 5 ).
The LDL subclass results from NMR and VAP profile generally concurred: We observed similar reductions in the large, buoyant LDL cholesterol (LDL 1+2 ) on the LF, MF, and AV diets compared with baseline (P<0.0001 for all) (Table 7, Figure 4 ). However, only the AV diet reduced small, dense LDL cholesterol (LDL 3 : À4.0 mg/dL, P=0.01; LDL 3+4 : À4.1 mg/dL, P=0.04). The MF diet did not affect LDL 3 and LDL 4 whereas the LF diet increased LDL 4 from baseline (Table 7) . VAP LDL peak max time (lower value represents higher density of LDL particles) also decreased from baseline by the LF and MF diet, but not with the AV diet. The levels of LDL 1+2 and large LDL-P, LDL 3+4 and small LDL-P were highly correlated at baseline (r=0.71 and 0.70, P<0.0001 for both); their change values on the diets also were correlated (r=0.42 and 0.36, P<0.0001 for both) ( Figure 6 ).
The LF diet increased cholesterol in VLDL 1+2 and VLDL 3 , whereas the MF and AV diets had no affect (Table 7, Figure 7 ). Lipoprotein remnants (VLDL 3 +IDL) were decreased by the AV diet (À2.4 mg/dL, P=0.008) and increased by the LF diet (1.5 mg/dL, P=0.02). The change in VLDL subclass particle number (Table 6 ) was mostly consistent with VAP results except for the decrease in small VLDL-P by the LF diet (in contrast to the increase in VLDL3), which may be due to small VLDL particles that were cholesterol enriched after the LF diet (Table 7, Figure 7 ). Similar to the change in VLDL 1+2 , large and medium VLDL-P were increased by the LF diet, however, they were not affected by the MF and AV diets. The AV diet but not MF diet decreased small VLDL-P from baseline (À5.8 nmol/L, P=0.001). VLDL particle size was increased by the LF diet and was significantly larger than by the MF diet (P=0.01) but not different from the AV diet (Table 6 ).
All diets decreased HDL 2 similarly versus baseline. However, HDL 3 was significantly decreased after the LF diet but not after the MF and AV diets (Table 7) . Unlike HDL-C, the All values are meansAESEMs. AAD indicates average American diet; AV, avocado diet; HDL-P, high-density lipoprotein particle number; IDL-P, intermediate-density lipoprotein particle number; LDL-P, low-density lipoprotein particle number; LF, lower-fat diet; MF, moderate-fat diet; VLDL-P, very-low-density lipoprotein particle number. *Significant change compared to baseline AAD, P<0.05; Values in diet treatments with different superscript letters (a, b, and c) are significantly different (Tukey post-hoc test by SAS, P<0.05).
total HDL-P was not affected by all diets (Table 6 ). Large HDL-P was decreased similarly by all diets (P<0.001). After the LF diet, there was a trend for small HDL-P to be lower than the MF (P=0.06) and AV diets (P=0.08), which is consistent with the HDL 3 change (Tables 6 and 7 ). HDL particle size was slightly decreased by the LF (À0.07 nm), MF (À0.1 nm), and AV (À0.01 nm) diets versus baseline (P<0.01 for all) ( Table 6 ). Fasting hsCRP, insulin, glucose, HOMA (homeostatic model assessment) score, systolic and diastolic blood pressure were not affected by any diet (Table 5) .
Discussion
This study is the first randomized controlled feeding trial to our knowledge to evaluate the additional LDL-C lowering effect of avocados beyond their MUFA content. This also is the first feeding study to use 2 advanced lipid-testing methods to evaluate the effects of LF versus MF diets on lipoprotein subclass changes. Our results demonstrate greater benefits on lipid/lipoprotein profiles when SFA is replaced by MUFA than CHO, which is consistent with current dietary recommendations. 17 An important finding we observed is that the AV diet lowered LDL-C, TC, LDL-P, non-HDL-C, TC/HDL-C, and LDL/HDL-C significantly more than the MF diet. This has important implications for future research that needs to be conducted to determine the functional effects of fruits and vegetables on lipid/lipoprotein risk factors that are independent of the substitution of macronutrients. In our study, both VAP and NMR analyses demonstrated that the LF, AV, and MF diets decreased large, buoyant LDL (LDL 1+2, large LDL-P) similarly; however, only the AV diet significantly decreased cholesterol in small, dense LDL (sdLDL) and lipoprotein remnants from baseline, and lowered small LDL-P concentration compared to the MF and LF diets. The MF diet did not have the same benefit as the AV diet, which clearly indicates that other nutrients/bioactives beyond fatty acids contribute to the health benefits of change in large LDL-P and the change in total LDL-P; (C) correlation between the change in small LDL-P and the change in LDL particle size; (D) correlation between the change in large LDL-P and the change in LDL particle size. AV indicates avocado diet; LDL-P, low-density lipoprotein particle number; LF, lower-fat diet; MF, moderate-fat diet.
avocados. We hasten to add that the MF diet did have beneficial effects but, importantly, the nutrient-dense food source of MUFA (ie, an avocado) had superior effects. Of note, is that the MUFA literature is variable with respect to cardiovascular effects 18 which may reflect the food source(s) of MUFA used. Identifying other nutrient-dense foods that contain MUFA that confer additional cardiovascular benefits, or other nutrient-dense foods (ie, fruits and vegetables) that can be consumed with high MUFA oils will be important for evolving future dietary guidance. The effects of the AV diet on sdLDL may be due to the combined effects of MUFA and other bioactives, especially phytosterols and fiber. Avocados are the richest fruit source of b-sitosterol; one Hass avocado (136 g) provides 114 mg of plant sterols, and 100 g provides 2.11 g soluble fiber and 2.7 g insoluble fiber.
19 Avocados also contain a unique sevencarbon (C7) ketosugar-mannoheptulose and its polyol form perseitol (about 4 g per fruit), which may suppress insulin secretion and promote calorie restriction. 20, 21 Sialvera et al reported that plant sterol supplementation (4 g per day for 2 months) decreased sdLDL cholesterol in MetS patients on a western diet 22 ; Lamarche et al also reported that including plant sterols (1 g per 1000 kcals), viscous fiber (9 g per 1000 kcals), soybean protein and almonds in a low-SFA diet for 4 weeks decreased sdLDL cholesterol (À21%, P<0.01) in patients with mildly elevated LDL-C. 23 Daily consumption of high-fiber oat cereal providing 14 g dietary fiber/day for 12 weeks decreased sdLDL cholesterol (À17.3%, P<0.05) in overweight men. 24 Although the combination of fiber and plant sterols in avocados may contribute to the effect, there may be other bioactives and nutrients that also contribute because of the relatively lower dose of fiber and plant sterols delivered by one avocado compared to other supplementation studies. Dietary MUFA has been associated with lower sdLDL when substituted for SFA, although the results reported are inconsistent. [25] [26] [27] Gill et al reported that LDL 3 was 25% lower after a high-MUFA diet (13.7% energy) versus a low-MUFA diet (7.8% energy) in hypercholesterolemic participants. 25 Kratz et al reported that a high MUFA diet (38.7% energy from fat, 23.2% energy from MUFA) provided by refined olive oil significantly reduced LDL peak particle diameter (À0.36 nm, P=0.012) versus a high SFA diet (16% energy from SFA). 26 In another study there was no effect of replacing SFA with MUFA on LDL particle size. 27 In the PREDIMED study, nuts but not olive oil supplementation in a Mediterranean diet significantly decreased small LDL-P. 28 Nuts also are a good source of MUFA, phytosterols, and viscous fiber. However, the effect of nuts on sdLDL is unclear. Only one study showed that the addition of walnuts to free-living subjects' habitual diets elicited a 13% reduction in the number of sdLDL particles. 29 Lamarche et al showed that a dietary portfolio that incorporated plant sterols, soy protein, viscous fiber, and almonds decreased sdLDL by 21% (P<0.01). 23 Holligan et al reported a significant decrease in sdLDL cholesterol after consumption of a moderate fat diet including 2 servings/day of pistachios in healthy adults with high LDL-C. 30 One explanation for the inconsistent results is that there might be some synergistic effects of the dietary fiber, plant sterols, MUFA, and other bioactive compounds or nutrients in specific foods and different background diets. Further studies are needed to characterize the bioactives in avocados and investigate the mechanisms by which avocados affect sdLDL production. The prediction of CVD risk by the 2013 Prevention Guidelines ASCVD Risk Estimator showed significant improvement for overall 10 year and lifetime risk by the MF and AV diets but not the LF diet (Table 8 ). The predicted reduction in CHD risk by the AV diet could be greater due to changes in non-HDL-C, apoB, LDL-P, sdLDL, lipoprotein remnants, and lipid/lipoprotein ratios. Recent clinical studies have found that the LDL-attributable atherosclerotic risk is better predicted by LDL-P and sdLDL than by using standard lipid/lipoprotein measurements [31] [32] [33] [34] [35] [36] [37] in patients at high risk for MetS and/or diabetes. Furthermore, sdLDL and total LDL-P have potential importance for comprehensively monitoring the efficacy of lifestyle interventions on CVD risk. 38 In the present study, sdLDL concentration was correlated with an atherogenic lipid/lipoprotein profile, which tracks with atherogenic dyslipidemia 39 ( Figure 8 ). Importantly, in our study, larger LDL particles and LDL-C decreased similarly by the LF, MF, and AV diets, which indicate all 3 diets would decrease risk of cardiovascular disease. However, because of the effects of the LF diet on TG and HDL-C, there was no benefit on 10-year and lifetime risk of ASCVD. Although the long-term benefit of LF diet versus AAD was not tested in our study, this is another illustration of the importance of replacing saturated fat with unsaturated fat, ie, MUFA as reported herein. The change in LDL particle size and subclasses due to the MF and AV diets we observed differs from some Mediterranean diet studies. In PREDIMED study, the Mediterranean diet supplemented with nuts significantly increased LDL size (0.2 nmol/l) and large LDL-P (53.8 nmol/L), and decreased very small LDL-P (À111 nmol/L) in a sub-group of subjects (n=156) at high CVD risk. 28 Richard et al reported that consumption of a Mediterranean diet for 5 weeks decreased small LDL particles (À11.7%), and increased LDL peak particle size (0.18 nm) compared with an isoenergetic North American control diet (5 weeks). 40 In our study, both the MF and AV diets significantly decreased large LDL-P and LDL particle size. These differences may reflect the higher fat content and other foods/nutrients in the Mediterranean diet. Also, unlike the Mediterranean diet studies, our participants were at lower risk for MetS and CHD (Table 4) , thereby demonstrating benefits of the diets we studied for the primary prevention of CVD. Several studies have demonstrated that non-HDL-C is a better predictor of CVD risk compared with LDL-C because it takes into account the atherogenic VLDL and LP remnant particles. [41] [42] [43] In our study, the AV and MF diets significantly decreased non-HDL-C and apoB compared to baseline while the LF diet did not. This reflects an increase in VLDL and IDL by the LF diet. VLDL and IDL, especially the small, dense Lp remnant particles, are independently associated with the prediction, progression, and residual risk of CVD. 44, 45 Also, the reduction of TG/HDL-C by the MF and AV diet (compared to the LF diet) indicated a beneficial effect of MUFA on insulin sensitivity. It must be appreciated that most participants in our study did not have MetS (even though they were at risk because they were overweight or obese), and the prediction value of advanced lipid measures versus standard lipid/ lipoprotein needs to be further evaluated in different populations in longer-term intervention studies. HDL-C was decreased by all diets in our study, but total HDL-P did not change. The MESA study (Multi-Ethnic Study of Atherosclerosis) reported that HDL-P but not HDL-C was independently associated with CHD after adjusting for LDL-P and other confounding factors. 46 In our study, the LF diet decreased HDL 3, which is important for cholesterol efflux and may be up-regulated by MUFA. 46, 47 Moreover, small, dense HDL 3 particles may protect LDL against oxidation 48, 49 and attenuate apoptosis in endothelial cells as shown in recent studies. 50 Studies are needed to determine if HDL functionality is improved by a moderate fat diet with avocados.
The current study has several strengths. It was a wellcontrolled clinical trial and we achieved a high level of diet compliance, weight maintenance, and had a low dropout rate. The latter is attributable to the run-in diet period, which familiarized participants with the study. 51 Moreover, our study was designed to differentiate the effects of bioactive compounds in avocados beyond fatty acids. One limitation of our study design is that one avocado per day contributed a different percentage of energy over different calorie levels (7% to 13% over the 6 calorie levels). Another limitation is that our study participants did not lose weight, which is the first line of treatment for overweight/obesity. Clearly, weight loss would elicit beneficial effects on lipids/lipoproteins and CVD risk status. Nonetheless, for individuals who do not lose weight, we have shown that a moderate fat diet high in MUFA, especially from one avocado per day has beneficial effects on lipids/lipoproteins and CVD risk status. Finally, our participants did not represent the ethnic diversity of the U.S. population.
Conclusion
Our study has shown that one Hass avocado per day has beneficial effects beyond their fatty acid profile on decreasing LDL-C and other emerging CVD risk factors. Herein, we present new information that a moderate fat diet low in SFA and high in MUFA from an avocado daily achieved greater reductions in LDL-C, sdLDL-C, LDL-P, non-HDL-C, LDL/HDL-C, and TC/HDL-C than a high MUFA diet with a similar macronutrient and fatty acid profile. Thus, inclusion of a food source rich in MUFA and bioactives confers additional CVD benefits compared to a MUFA-matched, low SFA diet.
